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Osseointegration is a complex process that involves the interaction of dental implants,
bone, and the immune system. Preclinical testing was carried out to develop a better
understanding of the mechanism. Micro-computed tomography (micro-CT) imaging
techniques and immunohistochemistry are excellent tools for this objective as both
enable quantitative assessment of bone microarchitecture and intercellular interac-
tion. An extensive literature search was conducted using the databases PubMed,
Science Direct, Wiley Online, Proquest and Ebscohost from January 2011 to Janu-
ary 2021. Among the publications retrieved, the rat model was the most frequently
used experimental protocol, with the tibia being the most frequently implanted site.
The region of interest demonstrates a high degree of homogeneity as measured by
trabecula but varies in size and shape. The most frequently mentioned micro-CT bone
parameter and immunohistochemistry bone markers were bone volume per total
volume (BV/TV) and runt-related transcription factors (RUNX). Animal models, micro-
CT analysis methods, and immunohistochemistry biomarkers yielded a variety of
results in the studies. Understanding bone architecture and the remodeling process
will aid in the selection of a viable model for a specific research topic.

preclinical testing, but there are debatable subjects such as
which animal models (large animal or rodent) could strongly

Dental implant osseointegration is classically described as
direct contact between a living bone and an implant material
at a light microscopic level. More recently, however, the
definition combines several viewpoints of a process involving
microstructural and immunomodulation of bone tissue regen-
eration.'? Osseointegration aims to maximize the implant-to-
bone contact while lowering failures.>* To further understand
the mechanism, in vivo studies have been used to conduct
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correlate with clinical outcomes, particularly relevant to hu-
man maxillofacial intramembranous ossification and accom-
modating the biomechanical properties (size, design,
topography, and drilling site) of the implant.”

Micro-CT allows comprehensive examination of three-
dimensional microstructures of a bone in tiny samples. This
methodology has been verified and is now used to measure
bone microarchitecture as the new gold standard
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method.®” Previous studies mainly investigated only the
whole bone mass; so, there is much inadequate information
regarding which specific region of interest (trabecula or
cortical or marrow) of the bone surrounding the implant
reflects osseointegration. Furthermore, micro-CT can also
be used to measure various osseointegration-related bone
histomorphometrics.8-10

While evaluating osseointegration, more attention needs to
be paid not only to the microstructural changes but also to the
bone immune microenvironment.'! Following implant place-
ment, several intercellular reactions occur for bone repair.
Immunohistochemistry was used to evaluate the reactions,
which play an important role in the osteogenic activity from
osteoblast differentiation to organic matrix synthesis, miner-
alization, and bone remodeling. Immunohistochemistry was
conducted to analyze by observing the intense activity of
specific protein or biomarker expression.'%'3

Therefore, the aim of this study was to identify through a
screening of scientific literature how micro-CT and immuno-
histochemistry analysis are being applied in animal models for
the investigation of dental implant osseointegration. In addi-
tion to this general objective, specific questions were formu-
lated: (i) In animal model experimental, which species are
suitable for dental implantation, and how long the osseointe-
gration process would be evaluated? (ii) In micro-CT analysis
investigating the bone around the implant, what are the
appropriate regions of interest, and which bone parameters
can be quantified? (iii) In immunohistochemistry analysis
investigating the osteoimmunity process during osseointegra-
tion, which biomarkers are representable to be measured?

Methods

Original articles related to the topic were searched in six
databases (PubMed, Science Direct, Wiley Online, ProQuest,
and EBSCOhost) published from January 2011 up to January
2021 using the following keywords and MeSH terms stated on
Boolean operators: ((X-ray microtomography” OR microtomog-
raphy OR “micro-CT”) AND (“dental implant” OR implant) AND
(“gene expression” OR “RT PCR” OR immunohistochemistry))
NOT (“stem cell” OR “culture cell” OR “in vitro” OR orthopedic).
The following criteria were used to determine the eligibility for
this review: in vivo experimental studies with therapeutic
intervention (drug-induced, systemic disease, mechanical test-
ing), a study performed at least one micro-CT and one immu-
nohistochemistry analysis, and full-text articles. There was no
limitation regarding heterogeneity and sample size. Mean-
while, articles published in non-English languages were ex-
cluded. Micro-CT analysis using linear measurement and
immunohistochemistry analysis using histomorphometry
count were also excluded. The searched publications were
only considered in the English language.

Animal Experimental Model and Dental
Implantation Site

14-24 25,26

Varies of animal models were found using rats, mice,
rabbits,'327-28 beagle dogs,?® and minipigs.'® The results of
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this scoping review are shown in =Table 1. The literature
research identified rat models are the most reported protocol
to be applied, the species have several advantages including
99% similarity to the human genome, availability of several
efficient genetic or molecular tools, the animal’s small size
facilitates the use of reduced quantities of drugs and reduced
experimental period. The rat model has been adopted for a
long time although mostly for extra-oral procedures due to
technical and surgical challenges, with the most frequently
reported cause being the difficulty of access due to the mouth
size and range of opening of mice. At least one implant per tibia
can be evaluated using a nearly human-size implant (2.0 mm
in diameter and 4.0 to 5.0 mm in length). Bi-cortical anchoring
is also possible with this model. A diameter of 1.5mm and a
length of 2.5mm are highly acceptable for multi-implant
techniques.°

The animals’ ages ranged from 4 weeks to 15 months
and male animals were preferable. Tibia'3:14:16.18.19.21-24 j¢
the primary implant site, followed by the maxila®>-?® and the
mandible, 202829 femur,?”-3! and calvaria.'” Furthermore,
long skeletal bones such as the tibia and femur were the most
prevalent site to insert the implant compared with the
maxilla or mandibula. In this context, osseointegration in
endochondral bones is achieved through the program of
endochondral ossification, which differs from osseointegra-
tion in the maxillofacial. In addition, there is a large propor-
tion of marrow cavity in the implantation sites of long bones,
which exhibit the slowest reaction to implant placement
compared with the periosteum region. Therefore, while
these studies are useful to better understand the osseointe-
gration process in orthopedics applications, they cannot be
fully translated for the context.?

Time Point to Follow-up Dental Implant
Osseointegration

The time between implant placement and osseointegration
monitoring ranged from O to 6 months. The most common
analysis period was 30 days.'>16:17:19.23.24 Other stud-
jes!3:19:20.22.25.27.28 onducted multiple observation varies
up to four difference periods. A Uniform time point is hardly
be achieved and a parallel comparison of the biological
process of osseointegration is difficult to determine. In a
long skeletal protocol, 2 to 6 weeks are needed before
assessing osseointegration. In the case of implant placement
at a healed extraction site, 1.5 months of healing is generally
allowed after extraction and another month for implant
osseointegration. In the maxilla, protocols are shortened,
with implantation performed immediately after extrac-
tion.3® The average healing period following implant place-
ment was 13.4 to 28 weeks for submerged implants and 13.2
to 40 weeks for nonsubmerged implants.3? Other factor to
consider is the high cost inherent to animal studies, which is
undoubtedly an impeding factor to prospective researchers.
The time required for the natural progression of osseointe-
gration in animal models vastly increases the animal feeding
and housing costs, as well as surgical costs and maintenance
personnel fees.3



Putri et al. 625

Animal Experimental
Model

ion in

Micro-CT and Immunohistochemistry Analysis of Dental Implant Osseointegrat

(panupuo)d)
[IE]]
Ul ww Q'L pue yipim 1w adAy-pim [9
91l ALIAG | urww | ‘easesapulihd B||IXeiN S)}ooMm 9 [19£SD “Plo 2am- ‘3N mma—om ‘e 1) | "€l
speatyy
(G PUe € 3y usamy
-9q YIpIM Ul Ww g0 18l
ulua1ed pue yibua| uj ww g skep snuiq|y uoierea snajbaa
-g/3UuM ‘NdO ‘ZXNNY | (303)0d ‘A'0d ‘N'Od ‘Ad ‘eale Je|nbuelday elqL 09 ‘shep g ‘shep p| ~I0U SN3IDY ‘PO YIuoW-f 2z(8L0TZ ‘[e 32 INBOA) | 7L
18l
Yypm uewzjoH uoneuea snib
ZdINg ‘NDO 16918 | Ul Ww g'Q ‘edle Jendud elqiL shep G | -antou snypy ‘plodpam-zL ||, (810T ‘e 39 moud) | L1
18l
1e3ISIMN snuiqle snatbansou
ZXNNY ugruuo) ‘(303)od YIpim Ul ww geo BIqIL sAep 09 | snuDY ‘plo-LuoW- ‘3N 1z(8L0Z ‘|2 32 uljed) | 0L
N'qL Yipim s1el Agime(
ZXNNY ‘uruazed-g/aupp ‘41:ql ‘q’uuod ‘AL/Ag | urww g ‘eate tendi) | 3|qipuely | sAep |z ‘skep 7 ‘shep ¢ —-anbeuds 3jnpe 3jewa4 owAw LOZ ‘|e 3@ NI) 6
YIpIM Ul Www g0 sAep uojjeliea m;m 102
NDO Ag ‘eale tejnbuelday eiqil 09 ‘sAep 0€ ‘shep G| snuiq|y snotbaaiou sniipy ‘(e 13 e|NEd 9P SeULS) ‘]
(s921s 001)
(G PUe € 3Y3 usamy
-9q YIpIM Ul Ww g0 181 1RISIM
N'qL pue yibua| ur ww g snuiqe snaibaaiou sny
DINVY | puedsql yr'qL AL/Ag ‘eale Jejnbueyday eIqIL sAep ziy | -1eY ‘ploPam-0L ‘Sjewdy | ¢ (810Z ‘e 19 ueIaARY) | 7/
urua3ed-gAup ‘gXNNY (s921|s #1.7) speaiys ise| Jel
‘PINVY ‘NdO ‘zdINg yrqir ‘g pue 1s| 9yl usamiag BLIBAIBD shep og | JeisiW “plosPam-0L ‘3B DAw—om ‘e 32 ouelD) 9
yIpm ui juejdul
ay3 wolj wrl ool pue skep Lz pue (9/18£5D) 1w adky
zdiNg ALIAG | uibuaj ur sixe wrl 0og BlIXelN | ‘sAep | ‘sAep £ ‘skep € | -plim ‘P|O-§PIM-0L BN | ,(810Z |e 32 MI9NbIg) | G
juejduwi sjel A9jmeq-anbelds
NdO ‘ZXNNY yl-ql ‘dsql ‘N'qL 3y} punole wuw | Inway S)oam g ‘Plo-y3uow-g ‘djewa (10T ‘[e 19 1A) N7
ds juejdw
IXNNY | "qL ‘YLlql ‘N'qL ‘AL/Ag 9y} punoJe ww g'Q | o[qIpuen Syjuow g ‘syjuow ¢ Bid 1uiw ‘syauow g m_?—om ‘le 39 ue]) €
yibuy)
ul ww g'g pue jue|d skep gz 1qqel puejeaz MaN
DINVY ‘U1ua3ed-g/aum ds'ql "yL'qL ‘N'qL | -wiay) punole wWw g Q w4 | ‘skep | ‘skep £ ‘skep o | ‘p|o3j@am zZ-0Z ‘3[ewWay ,Z\LL0T ‘e oeIQ) | T
N'qL 11 1RISIAN Jaiaue| b
LAl ‘ds'ql 'y1'qL ‘AL/AG yibuaj ur ww gee eiqlL skep 6 ‘plo yampL ‘ajeway | (110 ‘e30 swwepuen) | -1
uipjoud [13dtew A1 1919weled suoq (edeys pue azis) 9IS juiod (saads ‘abe ‘xas)
-SIWwdYd03siyounwiwy 1D-0DIN 3s9.493u] jo uoibay juejdu) dWI} Uo1IeAIdSqO |opow |ewiuy 1edAk pue Joyiny | ‘oN

L ?|qeL

European Journal of Dentistry ~ Vol. 17 No. 3/2023 © 2023. The Author(s).



626

Table 1 (Continued)

Micro-CT and Immunohistochemistry Analysis of Dental Implant Osseointegration in Animal Experimental

Model Putri et al.

Z c
. . 53
(4] e . — — A 1]
'E: NZ| o i ~ 4 = =
Eglx<|Z s [z [z |E S a
3(Z2x|z zZ < < w© 3
So|5 < < 2 P = S @
og|l¥ £ |x (24 - - - S =
- = ~C - - = =z = =]
£5|zE|E | |5 |5 |5 |82
c£|oJ|0o o . . . ZzE
(9]
c m ech | - NN o NE| O
S E|lN=[N o~ X | X x X c O a
E a <o az|z z Z3| 41
E|= = =22 -] Dl 2
ES |z [Fag 4 4 x o| =&
= N
25
. = — O
g |2 23
2 |z £ |a g S
sl |2 E | =2
2ls & = & |# =
9] - = -~ =
= S |a |z |52
elE |o c |5 |2 |3 =l
Ce|2 = = o 8 c|= 9=
L 2 |~ s | B2 .- g =
Saol|d e — 2 =g cE
cc|_- = - = Z el =5
=0 |(>c|>a > > n oo - =
S o|oF|wn ) =) (= = N
X
=2
Fn
— — [ 23
wv (%} —_ w
- 9 B c x
-8 c g -9 E o ()
o c=| 3 C c = = c © c
7y © v o c c v (] >
(Sl I I i - R = < N +— g 2
= 0 — +— n — N % = =
VAl—mN | @ -~ | = o — = o
- - |+ m© - |+= . SR
Ec|l,lT = = B = g a
P =l- N i ST |3 It sT| c o
° T © © o © o U
Cw|le® C ol e i c O £
C|loc U = [T =
c =3 = ] s
o oc 2 [T —= [I as=
=) S| E™ S| e S £ = )
E=N T = =i =~
ON|E=2 2| E w 28| E YT e c
T O = Y 3 S| & S =
2L (B |—15 [~aga p US|aa® oz
]
] (] E 3
= = 5 | 2<%
c 2 2 S ©
] >
sole |2 T |= o |2 5
Eu_o © a) Na) =) ] g‘,;
=0 |i= = = = = = 83
> 8
o 00 25
cC o
o =
o o c T o
. v c 2] o Y
v g 2| |z | 52
= Tv_, o w 4 O
B [ o F 3 g;
= 2 ™ o 2 c Z
2 2 TR Iv | g2
- R g~
© %) ] - %) 0
wv wv =
z > |2y > ” 2= s ¢
o+x|m Y © > ] @ =)
wEelo ] B © S wvw| 9w o A
2% |o s 0 o = nw|3&| Es
O a|lm m = M ~ — T |~NT Y g
_SE
3 .
— - [ O r'u N-BGJ
8 c B = <] a > E
%) o %] 6 o) S o2
Rl © R . = >3
= Y = < o o8>
vls NS |s 2 |° | §%E
v |= ;U e O,_,\ wn +< U O
= | o = [S) n - c 5 &
— V[T [T M 23|+ S 9 -
T Q|5 z 3 < = 3| c o a>
T o N - c VY| o c = -
(%) [ = n [ = = O .
2 = = 3 B =) e c|E (TR
Ed|Z 2D & [ |EB|nwl 88
—_ o
T |~ m\oél— = Lﬁg —g _D§§
Ex|lg |gC8|ly, |2 |gD|uv| des
R R A n2 | mw| @ 5%
<L|=CF|=Cx|=CF(=2 S 2= -i:fo-L:“,
© o
() o
-9
— - £ 20
m < ] - o O
~ E o~ — (=] S o5
= |w Y. |o o] = g 2=
D X o ~ o o ;g_c
py — o~ - [
© 0 ) o = € o © 5o
P ~N - ~N s P o 8o
> — ~ - o] = c o B ;-
< = ~N = = o £ 3% g
s |8 |= 2 |2 |8 |2 | 8%¢
= S =
e o += Y q>'J Cm T = 9 S
5 |2 |8 |g |2 |&n|2R|BEE
r= ] - = o VoS|lT=] S8 =
= 2 T <} w oN|JHN| 2 =32
= (=4 N ] oY | T > S £ o
& = N = |SN|TN| S5 2
] o
S Q5
: . . [T
§ <t LN ~ o] =)} 5 92
— — — — — ot 5
< o F

European Journal of Dentistry  Vol. 17 No. 3/2023 © 2023. The Author(s).

Micro-CT Analysis

Radiographic examinations from the moment of implant
placement were necessary to examine the first bone
remodeling, which can be caused by surgical stress or
soft and hard tissue homeostasis.>* Micro-CT analyzes
basic parameters (bone volume [BV] and total volume of
interest [TV])'4-20:24-26.28 55 wel] as trabeculae microstruc-
tural features such as (trabecular thickness [Tb.Th],
trabecular separation [Tb.Sp], trabecular number [Tb.
NJ),13-1%:18:27-29.31 conpectivity density (Conn.Dn),'3:2%:21
and total porosity percentage (Po[tot]),>! number of pores
(Po.N), and volume of pore (Po.V).22 BV/TV can offer an
objective indicator for bone mineral density in the implant
area, which is crucial for assessing initial implant stabili-
ty.3> Only specific trabecular bone parameters such as
BV/TV and Tb.Th are affected by scanning parameters
when reconstructing images using larger voxel sizes. This
is because the trabecular bone parameters are significantly
affected by the scanning voxel size rather than the recon-
struction voxel size.3®

The region of interest considered for analysis showed
great homogeneity focused on evaluating trabecula. Accord-
ing to Lekholm and Zarb, implant placement in type 1
(homogenous cortical bone), type 2 (thick layer of cortical
bone surrounding a central part of a dense trabecular bone),
and type 3 (thin layer of cortical bone surrounding dense
trabecular bone of favorable strength) bone results in good
clinical outcomes. Trabecular bone has a greater turnover
than cortical bone because it contains bone marrow, which is
the source of osteoblasts and osteoclasts. The structure of
trabecular bone appears to play a little role in primary
implant fixation, but it is critical for peri-implant bone
repair.3’—3°

The included studies showed different sizes and shapes to
determine the region of interest, rectangular area,'8:19:22
circular/cylinder area,'®'%2026 and the rest studies had
customized contours. The majority of studies measured
the osseointegration area vertically starting from the most
coronal to the most apical dental implant reaching the entire
length or diameter, while three studies'®%%-?® analyzed only
from the third thread to the fifth thread. The measurement
also occupies 0.2 mm'? or 0.5mm'®~2"%7 or 1 mm'#26:2831
area horizontally from the margin or the outer surface of the
implant.

The differences between the studies were concerned
with selecting the best area to represent great osseointe-
gration. Most studies applied the distance of 0.5mm to
1 mm of the surrounding implant, due to bone remodeling
is the greatest in the bone adjacent to the interface (within
1 mm of the implant) and decreases with the increasing
distance from the implant, according to a histomorphom-
etry comparison in four species including humans.*°
However, other studies chose the middle and lower
two-thirds of the implant as the region of interest (ROI)
because those areas were more closely contacted by the
surrounding alveolar bone after immediate implant
placement.28



Micro-CT and Immunohistochemistry Analysis of Dental Implant Osseointegration in Animal Experimental

Immunohistochemistry and
Immunofluorescence Analysis

We analyzed through an exploratory real-time polymerase
chain reaction array and immunostaining considering
the molecules involved in the inflammatory response and
bone healing (growth factors; immunological/inflammatory
markers; extracellular matrix, MSC and bone markers) to
select targets with a significant expression. The immunohis-
tochemical evaluation was performed using ordinal qualitative
analysis, in which immunostaining for several proteins
involved in the bone formation process was scored. Early
bone formation markers RUNX2, late bone formation markers,
and remodeling markers RANKL were found to be upregulated
in the osseointegration process.25 RUNX2 is also an important
gene for osteoblast differentiation and function.'*> These
specific proteins represent the earliest stages of the bone
healing process at 60 days.”’ Mutations in genes associated
with lipoprotein receptor-related proteins (LRPs) have been
shown to reduce osteoblast numbers and favor the onset of
osteoporosis, highlighting the role of canonical Wnt/catenin
signaling in bone tissue pathogenesis. Wnt/catenin and RUNX-
2 osteoblastogenesis biomarkers are more expressive at 14
days, while osteopontin and osteocalcin are more expressive at
42 days. Immunofluorescence and RT-qPCR were used to
investigate sclerostin, -catenin, and RANKL during bone
remodeling. No substantial change in the cortical bone around
the implant was identified, however debonding at the inter-
face and decreased osseointegration were. Sclerostin, -catenin,
and RANKL expression correlates with bone damage and
remodeling. Based on this, Immunofluorescence analysis can
determine the osteoimmunity process during osseointegra-
tion by staining proteins that play a role in bone damage and
remodeling. Moreover, further analysis can evaluate possible
osseointegration pathways. These results suggest that sclero-
stin regulates the Wnt/-catenin and RANKL/RANK pathways to
affect bone growth and resorption.?%2” At 60 days, there was
no specific cellular expression due to bone maturation.?

Conclusion

This study shows heterogeneous results from animal models,
methods of micro-CT, and immunohistochemistry analysis.
While there is no standard procedure that meets all the
characteristics of an ideal preclinical model, an understand-
ing of bone architecture and the bone remodeling process
will aid in the selection of a model that is appropriate for a
specific research issue.
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